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Abstract 

The  electrochemical  behavior  of  chemically  precipitated  cobalt  hydroxide  is  studied  by  cyclic  voltammetry  and  galvanostatic  charge/ 
discharge  cycling.  When  cycled  in  the  potential  range  between  the  oxygen  evolution  reaction  (OER)  and  the  hydrogen  evolution  reaction 
(HER),  the  electrode  undergoes  two  pairs  of  reactions.  The  pair  of  current  peaks  close  to  the  OER  is  attributed  to  quasi-reversible  oxidation 
of  Co(OH)2  to  CoOOH,  whereas  the  pair  of  current  peaks  close  to  the  HER  is  due  to  quasi-reversible  reduction  of  Co(OH)2  to  Co.  The  peak 
current  values  of  both  reactions  do  not  show  dependence  on  alkali  concentration.  Possible  mechanisms  are  proposed  for  the  reactions,  in 
which  the  diffusion  of  dissolved  Co(OH)2  prior  to  the  electron-transfer  step  is  considered  to  be  the  rate-determining  step.  Considering  the 
fact  that  the  Co(OH)2/CoOOH  and  Co(OH)2/Co  reactions  are  separated  by  a  potential  difference  of  about  1.2  V,  a  galvanic  cell  is 
constructed  by  using  two  Co(OH)2  electrodes  in  6  M  KOH.  On  charging,  the  positive  electrode  attained  a  stable  potential  of  about  0.4  V 
versus  Hg/HgO,  OH-  and  the  negative  electrode  attained  a  stable  potential  of  about  —0.8  V  versus  Hg/HgO,  OH-,  thus  resulting  in  an  open 
circuit  cell  voltage  of  about  1.2  V.  By  discharging  the  cell,  a  capacity  of  15  mAhg-1  of  Co(OH)2  is  obtained  over  about  15  charge/ 
discharge  cycles.  The  charged  electrodes  are  analyzed  by  powder  XRD  and  IR  spectroscopy  and  the  presence  of  Co  and  CoOOH  in  the 
negative  and  positive  electrodes,  respectively,  is  confirmed.  Although  the  cell  is  not  commercially  viable,  the  concept  of  a  “double 
hydroxide”  is  demonstrated  akin  to  the  “double  sulfate”  principle  of  lead-acid  batteries.  It  is  expected  that  Ni(OH)2,  which  is  isostructural 
to  Co(OH)2,  may  also  show  a  similar  behavior.  ©  2001  Elsevier  Science  B.V.  All  rights  reserved. 
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1.  Introduction 

Nickel  hydroxide  is  an  important  electrode  material.  It  is 
widely  employed  in  several  alkaline  storage  batteries, 
namely,  nickel/cadmium,  nickel/hydrogen  and  nickel/metal 
hydride  batteries.  Cobalt  hydroxide  is  usually  added  for  the 
purpose  of  enhancing  the  performance  of  Ni(OH)2  as  a 
battery  active  material  [1],  Many  electrochemical  studies 
of  Ni(OH)2  have  been  reported,  whereas  studies  of  Co(OH)2 
are  quite  sparse  [2-4].  Benson  et  al.  [2]  cathodically  depos¬ 
ited  Co(OH)2  layers  on  platinum  and  studied  the  electro¬ 
chemical  behavior  in  an  alkaline  electrolyte  by  using 
polarization  and  potential-decay  measurements.  The  results 
for  the  Co(OH)2  electrode  were  compared  with  those  for 
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Ni(OH)2.  Buss  et  al.  [3]  synthesized  Co(OH)2  and  Ni(OH)2, 
which  were  intercalated  with  Al(OH)2N03  and  studied  their 
electrochemical  properties.  It  was  shown  that  Co(OH)2  was 
charged  to  an  oxidation  state  of  +3.7  in  the  presence  of  Al. 
The  doping  of  Al  was,  therefore,  found  to  improve  the 
discharge  specific  capacity  of  Co(OH)2.  Ismail  et  al.  [4] 
cathodically  deposited  layers  of  Co(OH)2  on  platinum  and 
studied  their  cyclic  voltammetric  behavior.  In  the  present 
study,  Co(OH)2  electrodes  are  prepared  from  chemically 
precipitated  hydroxide  by  pasting  on  current-collectors  of 
nickel  mesh.  The  electrodes  are  subjected  to  potentiody- 
namic  studies  in  KOH  electrolyte  of  several  concentrations. 
The  data  suggest  that  Co(OH)2  undergoes  oxidation  to 
CoOOH  prior  to  oxygen  evolution,  which  is  hitherto  very 
well  known.  Additionally,  Co(OH)2  undergoes  quasi-rever¬ 
sible  reduction  to  cobalt  at  potentials  close  to  the  hydrogen 
evolution  reaction.  The  results  of  cyclic  voltammetry  and 
studies  of  a  galvanic  cell  based  on  the  concept  of  a  “double 
hydroxide”  are  discussed. 
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2.  Experimental 

Cobalt  hydroxide  was  chemically  precipitated  by  mixing 
stoichiometric  quantities  of  0.86  M  KOH  and  0.14  M 
Co(N03)2.  The  product  was  washed  thoroughly  and  dried 
at  80°C  under  vacuum.  The  powder  X-ray  diffraction  (XRD) 
pattern  of  the  compound  matched  the  XRD  pattern  of  (3- 
Co(OH)2  as  reported  the  literature  [5].  For  the  purpose  of 
electrode  fabrication,  Co(OH)2  (85  wt.%),  graphite 
(10  wt.%)  and  PTFE  binder  (5  wt.%)  were  mixed  and  the 
resulting  dough-like  mass  was  spread  on  a  pretreated,  nickel 
mesh  (10  mm  x  10  mm)  substrate.  The  electrode  was 
pressed  at  1.2  N  m  2  for  about  2  min  and  then  heated  at 
about  80°C  overnight.  The  resulting  electrode  had  a  geome¬ 
trical  area  of  1  cm2  with  a  loading  of  about  50  mg  cm~2  of 
active  material.  Electrochemical  measurements  were  per¬ 
formed  by  mounting  the  electrode  in  a  glass  cell  or  a 
poly(propylene)  container,  which  contained  large-area  Ni 
sheets  as  auxiliary  electrodes.  KOH  electrolyte  at  several 
concentrations  was  prepared  by  dissolving  AR  grade  KOH 
pellets  in  doubly-distilled  water.  The  solutions  were  purified 
further  by  electrolyzing  with  large-area  platinum  electrodes 
prior  to  use. 

Cyclic  voltammetry  experiments  were  performed  by 
using  a  EG&G  PARC  potentiostat/galvanostat,  model  Ver- 
sastat.  The  charge/discharge  characteristics  of  the  Co(OH)2 
electrodes  were  studied  by  means  of  a  galvanostatic  circuit 
which  consisted  of  a  regulated  dc  power  source,  a  high 
resistance  and  an  ammeter  in  series.  Electrode  potentials 
were  measured  and  reported  against  a  Hg/HgO,  OH  refer¬ 
ence  electrode  by  means  of  a  digital  multimeter  of  high  input 
impedance.  Powder  XRD  patterns  were  taken  with  a  Co 
anticathode  (2  =  1.7902  A)  in  a  JEOL  JDX-8P  X-ray  dif¬ 
fractometer.  Infra  red  spectra  were  attained  with  a  Perkin- 
Elmer  FT-IR  1000  spectrometer  using  a  KBr  pellets. 

3.  Results  and  discussion 

The  open-circuit  potential  (OCP)  of  the  Co(OH)2  elec¬ 
trode  in  a  KOH  electrolyte  is  about  —0.2  V.  The  electrode 
potential  was  scanned  starting  from  the  OCP  to  encompass 
the  oxygen  evolution  reaction  (OER)  and  the  hydrogen 
evolution  reaction  (HER).  A  typical  voltammogram  in 
6  M  KOH  is  shown  in  Fig.  1 .  An  oxidation  peak  (PI )  appears 
at  0.5  V.  The  increase  in  current  subsequent  to  peak  PI  is  due 
to  the  OER.  By  reversing  the  scan  at  0.8  V,  a  reduction  peak 
P2  appears  at  about  0.3  V.  Further  continuation  of  the 
potential  scan  towards  cathodic  potentials  results  in  an 
increase  of  current  due  to  the  HER  at  about  —1.2  V.  The 
scan  direction  was  changed  at  —1.3V  to  complete  the 
potential  cycle  at  the  OCP.  As  seen  in  Fig.  1,  there  are  no 
current  peaks  in  the  potential  region  negative  to  the  OCP. 
Similar  cyclic  voltammetric  behavior  was  observed  at  sev¬ 
eral  scan  rates  in  the  range  5-200  mV  s~ 1 .  Although  the 
voltammogram  at  positive  potentials  is  similar  to  that 


Fig.  1.  Cyclic  voltammogram  of  Co(OH)2  electrode  (area  =  1  cm2, 
loading  of  Co(OH)2  =  50mgcm~2)  in  6  M  KOH  at  a  scan  rate  of 
100  mV  s_1.  The  potential  is  scanned  from  the  OCP  (—0.2  V)  towards  the 
oxygen  evolution  reaction  (OER),  reversed  at  0.8  V,  continued  up  to  the 
hydrogen  evolution  reaction  (HER),  reversed  at  —1.2  V,  and  finally 
reaches  the  OCP.  PI  is  the  current  peak  for  oxidation  of  Co(OH)2  to 
CoOOH  and  P2  for  reduction  of  CoOOH  to  Co(OH)2. 

reported  for  electrochemically  deposited  films  of  Co(OH)2, 
the  part  at  negative  potentials  differs  slightly  from  the  earlier 
study  [4].  A  sharp  oxidation  peak  close  to  the  HER  and  a 
decrease  in  peak  current  leading  to  final  disappearance  on 
repetition  of  the  potential  cycle  has  been  observed  by  other 
workers  [4].  The  origin  of  this  peak  was  not  understood.  In 
the  present  experiments,  however,  such  a  peak  did  not 
appear,  probably  because  the  electrode  was  made  of  che¬ 
mically  precipitated  Co(OH)2. 

The  peak  currents  (7p)  of  the  peaks  PI  and  P2  are  shown  as 
a  function  of  v1/2  (where  v  is  scan  rate)  in  Fig.  2  for  the 
Co(OH)2  electrode  in  6  M  KOH.  A  linear  increase  in  7p  of 
both  the  peaks  (PI  and  P2)  with  vI/2  suggests  that  the 
corresponding  reactions  are  diffusion-controlled.  The  aver¬ 
age  value  (0.4  V)  of  the  peak  potentials  of  PI  and  P2  is  close 
to  the  standard  electrode  potential  of  CoOOH/Co(OH)2 
couple  (reaction  1). 

CoOOH  +  H20  +  e“  =  Co(OH)2  +  OH"  (1) 

Thus,  peak  PI  is  due  to  the  oxidation  of  Co(OH)2  to  CoOOH 
and  peak  P2  is  for  the  reverse  process.  The  potential 
difference  (A7Tp)  of  the  peaks  is  about  0.20  V  and  increases 
with  scan  rate  (Fig.  3).  The  value  of  AEp  should  be  about 
0.06  V  and  independent  of  the  scan  rate  for  a  reversible, 
single-electron  transfer  process.  It  is,  therefore,  inferred  that 
reaction  (1)  occurs  as  a  quasi-reversible  process  during  the 
anodic  potential  sweep  of  the  Co(OH)2  electrode.  The  quasi- 
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Fig.  2.  Dependence  of  peak  current  (7p)  of  current  peak  PI  (O)  and  peak 
P2  (#)  on  square  root  of  scan  rate  (v)  (area  =  lcm2;  loading  of 
Co(OH)2  =  50mgcm~2;  concentration  of  KOH  =  6M). 

reversible  nature  is  further  supported  by  the  unequal  mag¬ 
nitude  of  the  charges  of  peaks  PI  and  P2.  These  observations 
are  in  good  agreement  with  those  made  by  Benson  et  al.  [2] 
in  polarization  and  potential  decay  studies  of  Co(OH)2.  A 
discharge  capacity  of  0.4  F  moF1  of  Co(OF1)2  was  obtained 
only  when  the  electrode  was  subjected  to  galvanostatic 
charge/discharge  cycles.  Furthermore,  it  was  also  reported 
that  the  reduction  of  CoOOH  to  Co(OH)2  did  not  occur  at  an 
appreciable  rate  although  Co(OF1)2  was  readily  oxidized  to 
CoOOH. 

Potentiodynamic  experiments  were  performed  separately 
in  the  positive  potential  region  and  the  negative  potential 
region,  with  different  starting  potential  values.  The  current 
peaks  PI  and  P2,  as  well  as  the  OER  currents,  were 


Fig.  3.  Dependence  of  peak  potential  difference  (A Ep)  of  peaks  PI  and  P2 
on  scan  rate  (v). 


Fig.  4.  Cyclic  voltammogram  of  Co(OH)2  electrode  (area  =  1  cm2, 
loading  of  Co(OH)-,  =50  mg  cm  2)  in  6  M  KOH  between  —0.2  V  and 
HER  at  a  scan  rate  of  100  mV  s-1.  P3  is  current  peak  for  reduction  of 
Co(OH)2  to  cobalt  and  P4  for  oxidation  of  cobalt  to  Co(OH)2. 

reproducible  irrespective  of  the  range  of  the  potential  scan. 
By  contrast,  the  nature  of  the  voltammogram  at  the  negative 
potential  region  was  dependent  on  the  initial  potential  of  the 
sweep.  The  voltammograms  recorded  in  the  potential  region 
between  —0.2  and  —1.2  V  (Fig.  4)  showed  a  pair  of  current 
peaks  (P3  and  P4)  prior  to  the  HER.  The  variation  of  the 
peak  current  of  P3  with  the  starting  potential  of  the  scan  is 
shown  in  Fig.  5.  It  is  interesting  to  note  that  (i)  the  peak 
current  is  maximum  when  the  scan  was  started  at  —0.1  V; 
(ii)  the  peak  P3  does  not  appear  if  the  starting  potential  of  the 
scan  was  positive  to  —0.1  V;  (iii)  the  peak  current  decreases 
with  an  increase  of  starting  potential  in  the  negative  direc¬ 
tion  (Fig.  5).  The  reasons  for  these  observations  are  not 
understood  at  present.  It  is  further  found  that  the  peaks  P3 
and  P4  are  present  even  when  the  scan  is  reversed  at  —0.8  V, 
which  was  well  prior  to  the  HER.  It  is  concluded  that  the 
occurrence  of  peak  P4  does  not  depend  on  the  HER,  and 
therefore,  P4  is  not  due  to  reduction  of  adsorbed  hydrogen 
on  the  electrode  surface.  Following  these  observations,  the 
appearance  of  P3  and  P4  are  attributed  to  reaction  (2),  i.e. 

Co(OH)2  +  2e“  =  Co  +  20H"  (2) 

Peak  P3  is  due  to  reduction  of  Co(OH)2  to  Co,  which  occurs 
prior  to  the  HER.  Peak  P4  is,  therefore,  attributed  to  the 
oxidation  of  Co  to  Co(OH)2  (i.e.  the  reverse  of  reaction  2). 
The  standard  electrode  potential  of  reaction  (2)  is  —0.63  V, 
which  is  close  to  the  average  of  the  peak  potentials  of  P3  and 
P4.  The  increase  in  the  peak  currents  of  P3  and  P4  with  v1/2 
(Fig.  6)  suggests  that  reaction  (2)  is  controlled  by  diffusion. 
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Fig.  5.  Dependence  of  peak  current  of  P3  of  Co(OH)2  electrode 
(area  =  lent2,  loading  of  Co(OH)2  =  50 mg enr2)  at  a  scan  rate  of 
50  mV  s_1  in  6  M  KOH  on  starting  potential  of  scan. 


Fig.  7.  Dependence  of  peak  potential  difference  ( AEp )  of  current  peaks  P3 
and  P4  on  scan  rate  (v)  in  6  M  KOH. 


The  large  A Ep  and  its  increase  with  scan  rate  (Fig.  7) 
indicates  that  the  reaction  is  poorly  reversible. 

In  order  to  study  the  influence  of  alkali  concentration  on 
the  kinetics  of  reactions  (1)  and  (2),  potentiodynamic  experi¬ 


ments  are  performed  in  KOH  electrolytes  of  several  con¬ 
centrations  in  the  range  0.1-6  M.  The  voltammograms  are 
similar  for  all  electrolytes.  Also,  the  peak  currents  (Figs.  8 
and  9)  are  invariant  with  electrolyte  concentration,  which 


Fig.  6.  Dependence  of  peak  current  (7p)  of  peak  P3  (#)  and  peak  P4  (O) 
of  Co(OH)2  electrode  in  6  M  KOH  on  square  root  of  scan  rate  (v) 
(area  =  1cm2,  loading  of  Co(OH)2  =  50mgcm~2). 
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Fig.  8.  Dependence  of  peak  current  (/p)  of  peak  Pl(O)  and  peak  P2  (#  j  of 
Co(OH)2  electrode  (area  =  1  cm2,  loading  of  Co(OH)2  =  50mgcm~2)  on 
concentration  of  KOH  electrolyte  at  a  scan  rate  of  50  mV  s_1. 
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Fig.  9.  Dependence  of  peak  current  (/p)  of  peak  P3  (#)  and  Peak  P4  (O) 
of  Co(OH)2  electrode  (area  =  1  cm2,  loading  of  Co(OH)2  =  50  mg  cm  2) 
on  concentration  of  electrolyte  at  a  scan  rate  of  50  mV  s“  . 

suggests  that  OH-  ions  do  not  influence  the  kinetics  of 
reactions  (1)  and  (2).  Akin  to  Ni(OH)2,  the  structure  of 
Co(OH)2  is  recognized  to  consist  of  CoO2  layers  with 
protons  within  interlayer  spaces  [4].  The  oxidation  of 
Co(OH)2  is  considered  to  occur  with  simultaneous  depro¬ 
tonation  to  produce  CoOOH  (reaction  1),  which  indicates 
the  influence  of  alkali  concentration  on  the  reaction.  On  the 
other  hand,  the  fact  that  the  peak  currents  are  independent  of 
the  alkali  concentration  suggests  that  the  mechanisms  of 
these  reactions  consist  of  several  sequential  steps.  Thus,  the 
mechanism  of  reaction  1  is  proposed  to  be 


Co(OH)2 (solution)  — >  Co(OH)2 (surface)  (3) 

Co(OH)2 (surface)  -»•  [Co(OH)2]+  +  e“  (4) 

[Co(OH)2]+  -»  CoOOH  +  H+  (5) 

H+  +  OH“  ->  H20  (6) 


The  stoichiometric  equation  (reaction  1)  is  obtained  by  the 
addition  of  steps  (3)-(6).  It  is  known  that  Co(OH)2  under¬ 
goes  dissolution  in  alkaline  electrolytes  and  the  amount  of 
cobalt  formed  from  the  dissolved  Co(OH)2  in  5  M  KOH  is 
reported  to  be  8  mg  l”1  [6].  Diffusion  of  dissolved  Co(OH)2 
on  to  the  electrode  surface  is  shown  in  step  (3).  Step  (4) 
describes  electron  transfer  from  Co(OH)2  which  results  in 
the  formation  of  the  unstable  species,  namely  [Co(OH)2J+. 
A  mechanism  of  Co(OH)2  oxidation  involving  [Co(OH)2]+ 
species  has  been  proposed  by  Bensen  et  al.  [2].  Dissociation 
of  [Co(OH)2]+  into  the  final  oxidation  product,  viz. 
CoOOH,  and  a  proton  is  shown  in  step  (5).  The  proton  is 


converted  to  H20  in  alkaline  electrolyte  in  step  (6).  Since  the 
kinetics  of  reaction  1  are  independent  of  KOH  concentra¬ 
tion,  either  step  5  or  step  6  is  not  likely  to  be  the  rate- 
determination  step  (rds).  The  dependence  of  7p  of  PI  and  P2 
on  v1/2  (Fig.  2)  suggests  that  the  reaction  is  controlled  by  a 
diffusion  process,  rather  than  by  an  electron-transfer  pro¬ 
cess.  It  is  concluded,  therefore,  that  step  3  is  the  rate¬ 
determining  step  of  reaction  (1).  In  a  similar  way,  the 
reduction  of  Co(OH)2  to  Co  (reaction  2)  is  considered  to 
proceed  via 

Co(OH)2(solution)  — >  Co(OH)0 (surface)  (7) 

Co(OH)2 (surface)  +  2e“  -»•  [Co(OH)2]2“  (8) 

[Co(OH)2]2_  ->  Co  +  20H“  (9) 

Again,  the  diffusion  process  (step  7)  prior  to  electron- 
transfer  step  is  likely  to  be  the  rate-determining  step. 

Considering  the  fact  that  the  Co(OH)2  electrode  under¬ 
goes  oxidation  at  about  0.4  V  and  reduction  at  about  —0.8  V 
resulting  in  CoOOH/Co(OH)2  and  Co/Co(OH)2  quasi-rever- 
sible  couples,  respectively,  a  combination  of  these  reactions 
is  expected  to  produce  a  rechargeable  cell  with  a  voltage  of 
about  1.2  V.  Two  Co(OH)2  electrodes  were  inserted  into  a 
battery  container  containing  6  M  KOH  which  had  provision 
for  introducing  a  Hg/HgO,  OH  reference  electrode.  Sub¬ 
sequent  to  the  cell  assembly,  the  potential  value  of  each  of 
the  Co(OH)2  electrodes  was  about  —0.2  V,  to  give  a  cell 
voltage  of  about  0  V.  The  cell  was  subjected  to  charging  by 
passing  a  constant  current  of  5  mA  for  about  12  h.  At  the  end 
of  the  charging  process,  the  open-circuit  voltage  of  the  cell 
attained  a  value  of  about  1.4  V  with  a  positive  electrode 
potential  of  0.5  V  and  a  negative  electrode  potential  of  about 
—0.9  V.  The  cell  was  subjected  to  discharge  by  passing  a 
constant  current  of  1  mA  and  the  discharge  was  continued 
until  one  of  the  electrodes  reached  —0.2  V.  The  charge/ 
discharge  processes  were  continued  for  about  15  cycles 
using  a  duplicate  cell.  A  typical  charge/discharge  cycle 
and  cycle-life  data  of  the  CoOOH/Co(OH)2//Co(OH)2/Co 
cell  are  shown  in  Figs.  10  and  1 1 ,  respectively.  It  is  noted  that 
the  negative  electrode  potential  remains  nearly  constant  at 
about  —0.8  V  during  the  course  of  the  cell  discharge, 
whereas  the  positive  electrode  potential  falls  (Fig.  10). 
The  decrease  in  cell  voltage  with  discharge  time  follows 
the  trend  of  positive  electrode  potential.  A  charged  cell  was 
left  at  open-circuit  and  measurements  of  the  cell  voltage  and 
the  potentials  of  the  electrodes  were  made  with  time.  The 
data  are  shown  in  Fig.  12.  It  is  found  that  the  positive 
electrode  potential  decays  faster  due  to  self  discharge 
and,  accordingly,  the  cell  voltage  decays.  The  decay  in 
negative  electrode  potential  is  negligible.  The  data  of 
Figs.  10  and  12  suggest  that  the  Co(OH)2/Co  reaction  is 
more  facile  than  the  CoOOH/Co(OH)2  reaction  for  the  cell 
performance.  It  may  be  noted  that  the  average  capacity 
obtained  is  about  15  mA  h  g_1  of  Co(OH)2  (Fig.  1 1),  which 
is  very  low  in  comparison  with  the  capacity  values  of 
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Fig.  10.  (a)  Charge  and  (b)  discharge  curves  of  CoOOH/Co(OH)2//Co(OH)2/CO  cell  in  6  M  KOH.  Electrode  potentials  are  measured  against  a  Hg/HgO,  OH 
reference  electrode.  Charging  current:  5  niA;  discharge  current:  0.5  mA  (area  =  1  cm2,  loading  of  Co(OH)2  =  50mgcm~2). 


commercial  battery  electrodes.  Capacity  values  of  about 
52mAhg~1  Co(OH)2  are  reported  for  the  Co(OH)2/ 
CoOOH  positive  electrode  [3] .  Enhancement  of  the  specific 
capacity  requires  several  experimental  studies  to  determine 
the  optimum  conditions  of  electrode  fabrication  and  char¬ 
acterization.  These  are  not  attempted  in  the  present  studies. 
Moreover,  this  type  of  cell  has  limited  commercial  viability 
due  to  the  high  cost  of  cobalt  compounds,  the  solubility  of 
Co(OH)2,  and  the  low  reversibility  of  the  electrochemical 
reaction.  An  important  aspect  of  this  study  is,  however,  the 
demonstration  that  the  quasi-reversible  oxidation  of 
Co(OH)2  to  CoOOH,  on  one  hand,  and  its  reduction  to 
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Fig.  11.  Cyclic  life  data  of  CoOOH/Co(OH)2//Co(OH)2/Co  cell  in  6  M 
KOH  (area  =  1  cm2),  loading  of  Co(OH),  =  50mgcnr2). 


Co,  on  the  other  hand,  at  a  potential  span  of  more  than  1.2  V 
is  conceptually  useful  for  a  battery  application. 

In  order  to  substantiate  the  above  studies,  a  cell  assembled 
with  two  Co(OH)2  electrodes  was  charged  and  the  electrode 
materials  were  examined  by  powder  X-ray  diffraction 
(XRD).  The  XRD  patterns  of  the  negative  and  positive 
electrodes  are  shown  in  Fig.  13,  together  with  the  pattern 
of  an  uncharged  electrode  for  comparison.  The  XRD  pattern 
of  the  uncharged  electrode  corresponds  to  (f-cobalt  hydro¬ 
xide.  The  XRD  pattern  of  the  negative  electrode  has  well- 
defined  peaks  which  correspond  to  cobalt  in  a  mixed  phase 
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Fig.  12.  Variation  of  electrode  potentials  and  voltage  of  a  charged 
CoOOH/Co(OH)2//Co(OH)2/Co  cell  in  6  M  KOH  with  time  at  open-circuit 
(area  =  1cm2,  loading  of  Co(OH)2  =  50mgcm~2).  Electrode  potentials 
are  measured  against  Hg/HgO,  OH  reference  electrode. 


P.  Elumalai  et  al. /  Journal  of  Power  Sources  93  (2001)  201-208 


207 


Fig.  13.  Powder  XRD  patterns  of  negative  electrode,  positive  electrode,  and  uncharged  electrode  materials:  (*)  alpha  phase  of  cobalt  hydroxide;  (#)  graphite. 


of  hep  and  fee  structures.  It  is  known  that  cobalt  is  present 
either  in  an  hep  phase  or  in  a  mixture  of  hep  and  fee  phases  at 
room  temperature  [7].  By  contrast,  the  XRD  of  the  positive 
electrode  shows  a  poorly  crystalline  phase.  The  small  humps 
present  in  the  pattern  correspond  to  the  CoOOH  of  JCPDS 
file  [8J.  For  a  better  elucidation,  the  positive  electrode  was 
analyzed  by  IR  spectroscopy,  which  is  sensitive  to  short- 
range  order  present  in  a  compound.  The  IR  spectra  of  the 
positive  electrode  and  an  uncharged  electrode  are  shown  in 
Fig.  14.  The  uncharged  electrode  material  shows  IR  peaks  at 
3625,  485  and  435  cm-1  which  correspond  to  the  presence 
of  free  non-hydrogen  bonded  OH  group  and  Co-0  stretch¬ 
ing  frequencies,  respectively.  The  positive  electrode  mate¬ 
rial  exhibits  a  broad  peak  at  3 100-3600  cm  ',  which 
corresponds  to  the  presence  of  hydrogen  bonded  OH  stretch¬ 
ing  frequency,  and  another  peak  at  570  cm~’  associated  with 
the  Co-O  stretching  frequency.  This  confirms  the  presence  of 
CoOOH  [9],  Furthermore,  it  is  observed  that  the  powder 
scraped  from  the  negative  electrode  is  attracted  by  a  magnet, 
whereas  the  positive  and  uncharged  powders  are  not 
attracted.  The  magnetic  attraction  of  the  negative  electrode 
material  is  due  to  cobalt,  which  is  ferromagnetic.  These 
results  confirm  that  on  charging  of  the  cell,  the  negative 
electrode  is  reduced  to  Co  and  the  positive  electrode  is 
oxidized  to  CoOOH. 

It  is  interesting  that  both  the  electrodes  of  the  CoOOH/ 
Co(OH)2//Co(OH)2/Co  cell  are  converted  into  Co(OH)2  in 
the  discharged  state.  This  “double  hydroxide”  principle  is 
similar  to  the  “double  sulfate”  theory  of  the  lead-acid 
battery  in  which  both  the  positive  and  negative  electrode 


materials  are  converted  into  PbS04  in  a  H2S04  electrolyte. 
Since  Co(OH)2  and  Ni(OH)2  are  isostructural  and  their 
electrochemical  behavior  is  also  alike,  it  is  anticipated  that 
Ni(OH)2  may  undergo  reduction  to  Ni  in  addition  to  its 
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oxidation  to  NiOOH.  The  oxidation  process  is  well  studied 
and  exploited  as  the  positive  electrode  in  alkaline  batteries. 
Based  on  the  present  studies  of  Co(OH)2,  it  is  anticipated 
that  Ni(OH)2  also  can  be  used  as  the  starting  material  for 
both  the  positive  and  negative  electrodes,  and  such  a  “all¬ 
nickel”  cell  can  function  based  on  the  “double  hydroxide” 
principle. 

4.  Conclusions 

A  Co(OH)2  electrode  is  found  to  exhibit  two  pairs  of 
reactions.  The  pair  of  current  peaks  close  to  the  OER  is  due 
to  quasi-reversible  oxidation  of  Co(OH)2  to  CoOOH, 
whereas  the  pair  of  current  peaks  close  to  the  HER  is  due 
to  quasi-reversible  reduction  of  Co(OH)2  to  cobalt.  The  peak 
current  values  of  both  the  reactions  do  not  show  dependence 
on  the  alkali  concentration.  Possible  mechanisms  of  the 
reactions  are  proposed,  in  which  diffusion  of  dissolved 
Co(OH)2  prior  to  the  electron-transfer  step  is  considered 
to  be  the  rate-determining  step.  A  galvanic  cell  is  con¬ 
structed  by  using  two  Co(OH)2  electrodes  in  6  M  KOH. 
The  positive  electrode  attains  a  stable  potential  of  about 
0.4  V  and  the  negative  electrode  attains  a  stable  potential  of 
about  —0.8  V.  This  results  in  an  open-circuit  voltage  of 
about  1.2  V  subsequent  upon  charging.  An  average  dis¬ 
charge  capacity  of  15mAhg_1  of  Co(OH)2  is  obtained 


over  about  15  charge/discharge  cycles.  The  performance  of 
the  cell  is  limited  by  the  positive  electrode. 
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